Introduction {#s1}
============

Cell migration is essential for tissue and organ development, for tissue homeostasis and function. The process of migration is also at the basis of pathological conditions such as inflammation and cancer metastasis ([@bib13]). Migrating cells generate finger-like cellular extensions that contain parallel actin-bundles ([@bib29]; [@bib60]), termed filopodia, that constitute a characteristic feature of metastasizing cells ([@bib27]; [@bib3]; [@bib37]). It has been proposed that filopodia transport signalling molecules to neighbouring cells ([@bib45]; [@bib44]), promote adhesion and are therefore important for generation of traction forces ([@bib2]; [@bib12]) and serve as a sensing organelle (reviewed in \[[@bib58]\]). The latter notion arose from functional studies that were carried out in vitro and involved manipulations that could have affected different processes in addition to filopodia formation in chemotrophic growth cones ([@bib61]; [@bib39]). Other studies demonstrated an EGF retrograde transport on protrusions of epidermoid carcinoma cells in culture ([@bib25]), although the functional significance of the findings was not explored. Consistent with a role in sensing, filopodia formation was observed in response to VEGF that directs angiogenic sprouting ([@bib16]), to FGF that instructs branching morphogenesis in the tracheal system ([@bib41]), as well as in response to morphogen signals in *Drosophila* ([@bib43]). In the context of group cell migration, inhibiting filopodia formation decreased the migration velocity, yet the cellular basis for this effect has not been further investigated ([@bib38]). Similarly, it was suggested that the migration of neural crest cells as streams require filopodia function, since a neuronal crest subset failed to migrate properly in zebrafish mutants that lacked the *fascin1a* gene whose actin bundling function is required for filopodia formation ([@bib5]). Nevertheless, the precise consequence of impaired filopodia formation in migrating single cells in vivo and the mechanism underlying their action during normal migration in the context of the intact tissue have thus far not been reported. As a useful in vivo model for exploring the regulation and function of filopodia in cell migration, we employed zebrafish Primordial germ cells (PGCs). These cells perform long-range migration as single cells within a complex environment from the position where they are specified towards their target ([@bib42]; [@bib50]). PGC migration is guided by the chemokine Cxcl12a that binds Cxcr4b, which is expressed on the surface of these cells ([@bib9]; [@bib20]). This specific receptor-ligand pair has been shown to control among other processes, stem-cell homing ([@bib7]), cancer metastasis ([@bib62]) and inflammation ([@bib57]). Interestingly, similar to other migrating cells types in normal and disease contexts, zebrafish PGCs form filopodia, protrusions whose precise function in guided migration has thus far not been characterized.

We show here that in response to Cxcl12a gradients in the environment, filopodia exhibit polar distribution around the cell perimeter and alter their structural and dynamic characteristics. We demonstrate that PGCs guided by Cxcl12a form more filopodia at the cell front, filopodia that exhibit higher dynamics and play a critical role in receiving and transmitting the polarized signal. Specifically, we show that the short-lived actin-rich filopodia formed at the front of cells migrating within a Cxcl12a gradient are essential for conferring polar pH distribution and Rac1 activity in response to the guidance cue, thus facilitating effective cell polarization and advance in the correct direction. Together, these results provide novel insights into the role of filopodia in chemokine-guided single cell migration, underlining their function in orienting cell migration.

Results {#s2}
=======

The chemokine receptor Cxcr4b is uniformly distributed around the surface of PGCs {#s2-1}
---------------------------------------------------------------------------------

Guided towards their target by the chemokine Cxcl12a, zebrafish PGCs generate blebs primarily at the cell aspect facing the migration direction ([@bib40]). To define the mechanisms that could contribute to the apparent polarity of migrating PGCs, we first measured the distribution of Cxcr4b on the cell membrane around the cell perimeter. Similar to findings in *Dictyostelium discoideum* cells, in which the guidance receptor is evenly distributed around the cell membrane ([@bib52]) and consistent with our previous results ([@bib33]), the level of a GFP-tagged Cxcr4b (expressed at low amounts that do not affect the migration) measured at the cell front and its back was similar ([Figure 1A](#fig1){ref-type="fig"}). Furthermore, the receptor turnover on the plasma membrane, as visualized by a Cxcr4b tandem fluorescent timer (tft) ([@bib19]) expressed in PGCs ([Figure 1---figure supplement 1A--E](#fig1s1){ref-type="fig"}), which are directed by the endogenous Cxcl12a gradient ([Figure 1B](#fig1){ref-type="fig"}), did not reveal a significant difference between the front and the back of the cell. Together, employing the tools described above, we could not detect an asymmetric receptor distribution or differential turnover around the cell perimeter of PGCs in the wild type situation. These findings prompted us to explore qualitative and quantitative differences between the cell front and back, specifically by examining cellular structures that could contribute to the polarity of Cxcr4b signalling.10.7554/eLife.05279.003Figure 1.In wild type embryos the Cxcr4b receptor is uniformly distributed on the migrating PGC membrane, and its turnover is uniform around the cell circumference.(**A**) A graph showing the Cxcr4b-GFP protein level measured at the front and the back (normalized to the mCherry-F\') of individual migrating PGCs under conditions of endogenous Cxcl12a distribution in the embryo (**A**, n = 18). A representative cell is shown, with the areas defined as front and back indicated by lines and the arrows designate the migration direction. Scale bars signify 10 µm. (**B**) A graph showing the protein age (lifetime ratio, see [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}) measured at the front and the back of individual migrating PGCs under conditions of endogenous Cxcl12a distribution in the embryo (n = 20). A representative cell is shown, with the areas defined as front and back indicated by lines and the arrows designate the migration direction. Scale bars signify 10 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.003](10.7554/eLife.05279.003)10.7554/eLife.05279.004Figure 1---figure supplement 1.Functionality of the Cxcr4b tandem fluorescent timer (tft) in the context of PGC migration.(**A**) Schematic representation of the *cxcr4b tft* RNA, showing the *cxcr4b* open reading frame cloned upstream to the slow maturing mCherry and to the fast maturing sfGFP, followed by *nanos3′UTR* that drives preferential expression of the protein within the PGCs. The Red to Green intensity ratio reflects the protein age such that the higher the ratio, the more mature the protein is. (**B**) The Cxcr4b tft protein can guide PGCs to their target in embryos lacking functional Cxcr4b (*ody*^*−/−*^). Arrowheads point at PGCs found in ectopic positions in 24 hr post fertilisation (hpf) *ody*^*−/−*^ mutants (left panel) and at the target position following introduction of *cxcr4b tft* RNA (right panel). (**C**) The Cxcr4b tft protein expressed in PGCs is internalized upon exposure to Cxcl12a (right panel). The functionality of the Cxcr4b tandem fluorescent timer (tft) is evidenced by the fact that despite the uniform distribution of Cxcr4b on the cell membrane (**D**, n = 14), cells located within an artificially-generated steep Cxcl12a gradient exhibit reduced age at their cell front (**E**, n = 18). Scale bars signify 10 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.004](10.7554/eLife.05279.004)

Migrating PGCs extend specialized filopodia in the direction of migration {#s2-2}
-------------------------------------------------------------------------

As zebrafish PGCs migrate, they extend protrusions on their circumference that appear like filopodia ([@bib1]). To determine the role these protrusions play in the process of bleb-dependent single cell migration in vivo, we first studied their characteristics in the course of PGC migration within the three dimensional (3D) cellular environment of the embryo.

Since filopodia are defined as F-actin containing cellular extensions ([@bib29]), we followed the distribution of F-actin using an Lifeact-EGFP fusion protein. While F-actin was detected in all of the filopodia formed at the cell front, about 50% of those localized to the back of the cell showed no detectable actin signal ([Figure 2---figure supplement 1A](#fig2s1){ref-type="fig"}), pointing at differences in actin content between the two populations of filopodia. In the filopodia formed by PGCs migrating in embryos lacking Cxcl12 (*med*^*NY054*^, \[[@bib54]\]), we observed a higher proportion of filopodia in which actin is not detected ([Figure 2---figure supplement 1B](#fig2s1){ref-type="fig"}). Filopodia-like structures devoid of F-actin were previously described ([@bib38]; [@bib60]).

To characterize the distribution of filopodia in the migrating cells, we imaged PGCs expressing farnesylated EGFP (EGFP-F\'). A characteristic wild type PGC is presented in [Figure 2A](#fig2){ref-type="fig"} and [Video 1](#video1){ref-type="other"}, showing polarized formation of an array of filopodia pointing in the direction of migration (arrow in [Figure 2A](#fig2){ref-type="fig"}). For a quantitative measure of this finding, we categorized the position of filopodia around the circumference of the PGCs as front, back or side filopodia as illustrated in [Figure 2---figure supplement 2A--A‴](#fig2s2){ref-type="fig"}. We found that at any given time point, migrating PGCs show on average 5.6 ± 0.5 filopodia, with a strong bias for filopodia generation at the cell front (wild type in [Figure 2C,D](#fig2){ref-type="fig"}). Whereas filopodia formed preferentially at the cell front, their distribution was independent of that of the forming blebs. Specifically, we found that blebs can form in parts of the cells where filopodia are not present ([Figure 2---figure supplement 3A,B](#fig2s3){ref-type="fig"}, red asterisk in 40″, [Video 2](#video2){ref-type="other"}) and conversely, filopodia were maintained close to a forming bleb ([Figure 2---figure supplement 3B](#fig2s3){ref-type="fig"}, arrowheads in 20″, [Video 2](#video2){ref-type="other"}).10.7554/eLife.05279.005Figure 2.The polar positioning and number of filopodia are determined by the Cxcl12a gradient.(**A**) A PGC extending filopodia during migration in wild type embryos ([Video 1](#video1){ref-type="other"}), and (**B**) in medusa (*med*^*NY054*^) mutant embryos lacking Cxcl12a ([Video 3](#video3){ref-type="other"}). (**C**) Filopodia distribution and number in PGCs migrating within wild type and *med*^*NY054*^ homozygous embryos (for segmentation see [Figure 2---figure supplement 2C](#fig2s2){ref-type="fig"} for more details). 'n' indicates the number of cells analysed. (**D**) Examples of a wild type (left) and a *med*^*NY054*^ PGC in which the characteristic distribution of the filopodia is indicated by arrowheads. (**E**) Filopodia number and distribution in PGCs migrating within in *med*^*NY054*^ homozygous embryos knocked down for Cxcr7b and that express either uniform levels of control RNA (light bars) or Cxcl12a-encoding RNA (dark bars, see also [Video 4](#video4){ref-type="other"}). (**F**) Examples of PGCs migrating within an environment lacking (left), or containing uniform Cxcl12a (right) in which the characteristic distribution of the filopodia is indicated by arrowheads. In **A**, **B**, **D** and **F** the membrane of the PGCs is labelled with EGFP-F\' and arrows indicate direction of movement. Scale bar is 10 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.005](10.7554/eLife.05279.005)10.7554/eLife.05279.006Figure 2---figure supplement 1.F-actin content in filopodia extended by PGCs.(**A**) A graph showing the frequency of F-actin-containing filopodia in PGCs of transgenic embryos co-expressing Lifeact-EGFP and mCherry-F\'. In the cell presented on the right F-actin can be detected in the filopodia formed at the front (filled arrowheads), while the empty arrows point at filopodia at the back of the cell where F-actin is not detected. 'n' represents the number of cells analysed. (**B**) A graph showing the frequency of F-actin-containing filopodia (determined as presented in **A**) that are formed by PGCs in *med*^*NY054*^ embryos. 'n' represents the number of cells analysed.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.006](10.7554/eLife.05279.006)10.7554/eLife.05279.007Figure 2---figure supplement 2.The procedure for cell segmentation, defining the front, back and sides of the cell.(**A**) The segmentation process is performed on a 3D reconstructed image of a polarized PGC labelled with EGFP-F\' and imaged by a spinning-disk microscope. (**A′**) Two orthogonal lines are drawn, with their cross positioned at the centre of the cell. The orientation of the cross relates to the direction of migration and to the morphological axis of the cell, such that one right angle points at the front and the other to the back. (**A″**) The positions where the lines of the cross meet the cell membrane are connected by the white segmentation lines at the front and the back. (**A‴**) 3D analysis of filopodia distribution and number in the three areas (front, side and back) is conducted while turning the cell in all dimensions. Arrows indicate the direction of movement. Scale bars signify 10 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.007](10.7554/eLife.05279.007)10.7554/eLife.05279.008Figure 2---figure supplement 3.Filopodia do not appear to play an essential direct role in the generation of blebs.(**A**) A graph showing the percentage of blebs forming relative to filopodia position (without filopodia = no filopodia on top or immediately next to bleb; with filopodia = filopodia on top or immediately next to bleb). (**B**) Panels presenting individual snapshots from [Video 2](#video2){ref-type="other"}, where a first bleb (asterisk) is formed in a close proximity to filopodia (arrowheads, at 10--20″) and a second is formed in a region devoid of filopodia (40″). Filopodia persist as a bleb inflates in the immediate vicinity (arrowheads, 10--20″). Scale bar is 10 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.008](10.7554/eLife.05279.008)10.7554/eLife.05279.009Figure 2---figure supplement 4.Filopodia distribution and number in PGCs knocked down for Cxcr4b.(**A**) PGCs in embryos knocked down for Cxcr4b (dark bars) show apolar distribution of filopodia and an overall increased formation of these cellular protrusions as compared with control cells (light bars). (**B**) Representative examples of a control (left) and Cxcr4b-knocked down PGCs. Arrowheads mark filopodia and 'n' indicates the number of cells analysed. Arrows show the direction of movement. Scale bars signify 10 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.009](10.7554/eLife.05279.009)Video 1.Migrating PGCs in wild type embryos show enhanced formation of filopodia in the direction of migration.A 10 min time-lapse video of a PGC in *kop-egfp-f\'nos3′UTR* embryo was captured using a 63× objective on a Zeiss AxioImager.M2 microscope equipped with a Photometrics camera (Cascade II) and VS-Laser Control. Z-stacks include 29 planes per time point at focal planes 1 µm apart, 10 s interval, 300 ms exposure time with binning one. Time in minutes and seconds. Scale bar represents 10 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.010](10.7554/eLife.05279.010)10.7554/eLife.05279.010Video 2.Filopodia are not directly controlling bleb formation.Bleb-formation (asterisk) can be observed first in close proximity to filopodia (arrowheads, 10--20″) and then in a region devoid of filopodia (40″). A 40-s time-lapse video of a membrane-labelled PGC (in a *kop-egfp-f\'nos3′UTR* embryo) using a 63× objective on a Zeiss AxioImager.M2 microscope equipped with a dual view filter (MAG Biosystems), Photometrics camera (Cascade II) and VS-Laser Control. Z-stacks were captured with 29 planes at focal planes per time point, 1 µm apart at 10 s interval, 300 ms exposure time and with binning one. Scale bar represents 10 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.011](10.7554/eLife.05279.011)10.7554/eLife.05279.011

By following filopodia dynamics we determined that the extensions persisted for an average of 33 ± 2.5 s (wild type in [Figure 3A](#fig3){ref-type="fig"}, whole cell), from the time of appearance to complete retraction and that on average, they extended to a maximum length of 3.4 ± 0.1 µm (wild type in [Figure 3B](#fig3){ref-type="fig"}, whole cell). Interestingly, the dynamic parameters (persistence and length) were dramatically different between filopodia at the front and back of the cell. That is, while filopodia in the front persisted for 28 ± 3.5 s and were 3.0 ± 0.1 µm long, filopodia at the back of the cell persisted for 51 ± 8.2 s and were 4.3 ± 0.4 µm long (wild type in [Figure 3A,B](#fig3){ref-type="fig"}), thus revealing that filopodia located at the cell front are significantly more dynamic. Importantly, the enhanced dynamics of filopodia at the cell front was not a result of the protrusions being engulfed by blebs that preferentially form at this aspect of the cell. Only 30% of the filopodia at the cell front were engulfed by forming blebs and those that were not engulfed showed a reduced persistence as compared with filopodia formed at the cell back ([Figure 3---figure supplement 1A](#fig3s1){ref-type="fig"}).10.7554/eLife.05279.012Figure 3.The dynamics of filopodia at the cell front are determined by the distribution of Cxcl12a.(**A**) Persistence and (**B**) maximum length of filopodia in PGCs migrating within wild type (light bars) and *med*^*NY054*^ homozygous embryos (dark bars). 'n' indicates the number of filopodia analysed in 10 wild type cells and 8 *med*^*NY054*^cells over 10 min. (**C**) Persistence and (**D**) maximum length of filopodia in PGCs migrating within *med*^*NY054*^ homozygous embryos knocked down for Cxcr7b and injected with 2 pg control mRNA (light bars) or 2 pg *cxcl12a* mRNA (dark bars). 'n' indicates the number of filopodia in 10 cells over 10 min.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.012](10.7554/eLife.05279.012)10.7554/eLife.05279.013Figure 3---figure supplement 1.The enhanced dynamics of filopodia at the cell front is independent of bleb formation at this aspect of the cell.(**A**) Persistence of filopodia at the cell front, which are not engulfed by blebs, compared to that of filopodia at the back of PGCs migrating within wild type embryos (from dataset used in [Figure 3](#fig3){ref-type="fig"}). 'n' represents number of filopodia analysed.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.013](10.7554/eLife.05279.013)10.7554/eLife.05279.014Figure 3---figure supplement 2.Properties of PGCs migrating in embryos expressing a low concentration of uniform Cxcl12a.(**A**) Injection of 2 pg of Cxcl12a-encoding RNA into embryos results in an increase in the proportion of the ectopic PGCs per embryo at 24 hpf. Representative embryos are shown on the right. An asterisk labels the site where the gonad develops; ectopic PGCs are labelled with arrowheads. 39 control and 40 embryos expressing 2 pg Cxcl12a were analysed. (**B**) Migration tracks of PGCs in *med*^*NY054*^ homozygous embryos knocked down for Cxcr7b and injected with 2 pg control mRNA (upper panel) or 2 pg *cxcl12a* mRNA (lower panel). Tracks represent 58 min of PGC migration in 7 hpf embryos acquired at a 2 min interval ([Video 4](#video4){ref-type="other"}).**DOI:** [http://dx.doi.org/10.7554/eLife.05279.014](10.7554/eLife.05279.014)

Together, the formation of dynamic filopodia on migrating PGCs is biased towards the leading edge of the cell, with filopodia formed at the front and back exhibiting significant differences in number, length, persistence and actin content.

Filopodia formation and dynamics are regulated by the chemokine Cxcl12 {#s2-3}
----------------------------------------------------------------------

Since PGCs migrate towards regions expressing higher levels of Cxcl12a and filopodia formation is biased in the same direction, we sought to determine whether Cxcl12a in the environment influences the generation of filopodia. To this end, we analysed filopodia distribution and their dynamics in *med*^*NY05*^ embryos lacking functional Cxcl12a ([Figure 2B](#fig2){ref-type="fig"} and [Video 3](#video3){ref-type="other"}). PGCs in *med*^*NY054*^ embryos show a dramatic increase in the number of filopodia (11.4 ± 0.8, [Figure 2C](#fig2){ref-type="fig"}, whole cell) relative to wild type (5.6 ± 0.5, [Figure 2C](#fig2){ref-type="fig"}, whole cell). PGCs in *med*^*NY054*^ embryos also show an even distribution of filopodia around the cell circumference, which is in sharp contrast to the polar distribution observed in the wild type embryos ([Figure 2C,D](#fig2){ref-type="fig"}). Similar results were obtained upon disruption of the Cxcl12a/Cxcr4b signalling pathway by morpholino-mediated Cxcr4b knockdown ([Figure 2---figure supplement 4A,B](#fig2s4){ref-type="fig"}). Strikingly, irrespective of their position around the cell perimeter, filopodia of PGCs in *med*^*NY054*^ embryos revealed average persistence (51 ± 3.1 s, [Figure 3A](#fig3){ref-type="fig"}, whole cell) and maximum lengths (3.9 ± 0.1 µm [Figure 3B](#fig3){ref-type="fig"}, whole cell) similar to filopodia located at the back of wild type PGCs ([Figure 3A,B](#fig3){ref-type="fig"}, wild type). Filopodia of PGCs in *med*^*NY054*^ embryos also included a higher frequency of those with no detectable actin, thus exhibiting further similarities to filopodia in the back of wild type cells ([Figure 2---figure supplement 1B](#fig2s1){ref-type="fig"}). Next, we examined the effect of a uniform Cxcl12a distribution on filopodia formation. Here, we injected *cxcl12a* RNA into *med*^*NY054*^ embryos at a concentration, which is sufficient to interfere with PGC arrival at their target region in wild type embryos, but does not immobilize them ([Figure 3---figure supplement 2A,B](#fig3s2){ref-type="fig"} and [Video 4](#video4){ref-type="other"}). In these experiments we co-injected morpholino against *cxcr7b*, the somatic decoy receptor for Cxcl12a ([@bib6]), to avoid any local decrease in Cxcl12 levels that would result in gradient formation. Similar to the results observed in *med*^*NY054*^ embryos ([Figure 2C](#fig2){ref-type="fig"}, *med*^*NYO54*^ and [Figure 2E](#fig2){ref-type="fig"}, control), numerous, evenly distributed filopodia appeared on the cell surface of PGCs ([Figure 2E,F](#fig2){ref-type="fig"}, *cxcl12a*) and their persistence (58 ± 3.0 s), as well as their maximum length (4 ± 0.1 µm) was significantly elevated to the same extent as filopodia in *med*^*NYO54*^ embryos ([Figure 3C,D](#fig3){ref-type="fig"} and [Video 5](#video5){ref-type="other"}). We conclude therefore, that the graded distribution of Cxcl12 determines the number, the distribution and the dynamic behaviour of filopodia around the PGC circumference.Video 3.Migrating PGCs in *medusa* (*med*^*NY054*^) mutant embryos that lack Cxcl12a show enhanced apolar filopodia formation.A 10 min time-lapse video of a PGC in *med*^*NY054*^ homozygous embryo was captured using a 63× objective on a Zeiss AxioImager.M2 microscope equipped with a Photometrics camera (Cascade II) and VS-Laser Control. Z-stacks include 29 planes per time point at focal planes 1 µm apart, 10 s interval, 300 ms exposure time with binning one. Time in minutes and seconds. Scale bar represents 10 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.015](10.7554/eLife.05279.015)10.7554/eLife.05279.015Video 4.Low concentration of uniformly expressed Cxcl12a affects cell migration, but does not immobilize the cells.Migration tracks of PGCs in *med*^*NY054*^ homozygous embryos knocked down for Cxcr7b, injected with *mcherry_h2b_globin3′UTR* mRNA (mCherry labelling nuclei of all cells) and either with 2 pg control mRNA (first video) or 2 pg *cxcl12a* mRNA (second video). Tracks represent 58 min of development in 7 hpf embryos. Snapshots captured at 2-min intervals with 300 ms exposure time at three focal planes (15 µm apart) using a 10× objective to generate the Z-stacks on a Zeiss AxioImager.M1 microscope equipped with a Photometrics camera (CoolSNAP ES2). Time in minutes and scale bar represents 50 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.016](10.7554/eLife.05279.016)10.7554/eLife.05279.016Video 5.Uniform Cxcl12a in the environment induces apolar formation of numerous long and persisting filopodia on the PGC surface.A 10 min time-lapse video of a PGC in *med*^*NY054*^ homozygous embryo knocked down for Cxcr7b and that expresses uniform levels of Cxcl12a-encoding RNA was captured using a 63× objective on a Zeiss AxioImager.M2 microscope equipped with a Photometrics camera (Cascade II) and VS-Laser Control. Z-stacks include 29 planes per time point at focal planes 1 µm apart, 10 s interval, 300 ms exposure time with binning one. Time in minutes and seconds. Scale bar represents 10 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.017](10.7554/eLife.05279.017)10.7554/eLife.05279.017

PGCs extend filopodia towards regions of elevated Cxcl12a levels {#s2-4}
----------------------------------------------------------------

Considering that filopodia formation is influenced by the distribution of Cxcl12a, we further monitored the immediate response of PGCs to an artificial Cxcl12a gradient generated in Cxcl12a mutant embryos (*med*^*NY054*^). We focused on the formation of filopodia as the PGCs switch from random to directed migration upon exposure to the chemokine gradient. A steep Cxcl12a gradient was generated in *med*^*NYO54*^ embryos by transplanting mCherry-labelled cells that were treated with c*xcr7b* morpholino and expressed either *cxcl12a* or control RNA ([Figure 4---figure supplement 1A](#fig4s1){ref-type="fig"}). PGCs exposed to the control transplant generated randomly distributed filopodia ([Figure 4A,C](#fig4){ref-type="fig"} and [Figure 4---figure supplement 1B](#fig4s1){ref-type="fig"}) and were not attracted to the transplanted cells (see [Video 6](#video6){ref-type="other"} control transplant, with snapshots presented in [Figure 4A](#fig4){ref-type="fig"}, 2/23 cells migrated towards the transplant). In contrast, measuring the angle of filopodia to a Cxcl12a-expressing transplant ([Figure 4D](#fig4){ref-type="fig"} and [Figure 4---figure supplement 1B](#fig4s1){ref-type="fig"}) we observed that PGCs exhibited gradual polarization of filopodia directed towards the attractant source. The biased filopodia orientation was followed by cell polarization (blue arrow in [Figure 4D](#fig4){ref-type="fig"}) as manifested by the elongation of the cell along the axis of migration, positioning of the golgi to the back of the cell ([Figure 4---figure supplement 1A](#fig4s1){ref-type="fig"}) and migration towards the chemokine source ([Video 6](#video6){ref-type="other"}, Cxcl12a transplant, with snapshots presented in [Figure 4B](#fig4){ref-type="fig"} of a single cell representing 15/17 cells that showed this response). These experiments show that PGCs respond to the Cxcl12a gradient first by formation of filopodia oriented towards the Cxcl12a source and then by cell polarization and migration in the direction of the chemokine.10.7554/eLife.05279.018Figure 4.PGCs extend filopodia towards the chemokine source prior to cell polarization and directed migration towards the attractant.(**A**, **B**) The cellular behaviour of PGCs (green) in response to transplanted control cells (magenta in **A**) or to Cxcl12a-expressing cells (magenta in **B**). Upper panels show the cells immediately after transplantation and lower panels show snapshots from [Video 6](#video6){ref-type="other"} presenting the behaviour of the cells in the following 28 min. In **B**, additional images present the polar position of the golgi (red asterisk, labelled by EGFP-F\', as defined in [Figure 4---figure supplement 1A](#fig4s1){ref-type="fig"}) at the back of the cell. Green arrowheads mark filopodia, blue dots indicate no migration and blue arrows show the direction of PGC movement. Scale bar is 10 µm. (**C**, **D**) The angle of filopodia orientation relative to the position of transplanted cells (located at 0°, see also [Figure 4---figure supplement 1B](#fig4s1){ref-type="fig"}) in the case of a control transplant (**C**) and with respect to Cxcl12a expressing transplant (**D**, three examples) over 25 min. Blue arrows signify the time of morphological cell polarization and movement.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.018](10.7554/eLife.05279.018)10.7554/eLife.05279.019Figure 4---figure supplement 1.Polarization of PGCs encountering an artificially generated Cxcl12a gradient.(**A**) Schematic experimental setup. Cells from 4 hpf *med*^*NY054*^ homozygous embryos expressing Cxcl12a and mCherry-F\', in which Cxcr7b expression was inhibited, were transplanted into 6 hpf *med*^*NY054*^ homozygous embryos to examine the response of PGCs to the chemokine gradient. Control cells were similarly labelled but lacked Cxcl12a expression. The image to the right shows a polarized PGC with F-actin at the cell front labelled by Lifeact-EGFP (magenta) and the golgi apparatus at the cell back labelled with ECFP- tagged human beta1,-4-galactosyltransferase (yellow). The mCherry-F\' labels the cell membrane, as well as the area of the golgi at the back of the cell. (**B**) A schematic representation of the angle measurements presented in [Figure 4C,D](#fig4){ref-type="fig"} for filopodia orientation relative to the position of the transplanted cells (located at 0°).**DOI:** [http://dx.doi.org/10.7554/eLife.05279.019](10.7554/eLife.05279.019)10.7554/eLife.05279.020Figure 4---figure supplement 2.PGCs extend filopodia in the direction of migration prior to polarization and actual onset of migration.(**A**) Snapshots from [Video 7](#video7){ref-type="other"} presenting the behaviour of a migrating cell, which makes a 90° turn (upper panel) and of a cell, which depolarizes and then migrates in the opposite direction (lower panel). Green arrowheads mark filopodia; blue dot indicates no migration and blue arrows show the direction of PGC movement. Scale bar signifies 10 µm. (**B**) Filopodia orientation relative to the forthcoming direction of migration (located at 0°) in the two cells presented in [Video 7](#video7){ref-type="other"}. An additional example is presented on the right. Blue arrows signify the time of morphological cell polarization and migration.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.020](10.7554/eLife.05279.020)Video 6.PGCs extend filopodia towards the chemokine source, prior to their morphological polarization and directed migration towards cells producing the attractant.Cells from 4 hpf *med*^*NY054*^ homozygous embryos, in which Cxcr7b expression was inhibited and which express mCherry-F\' (red) and either control RNA (part control transplant) or express *cxcl12a* RNA (part Cxcl12a transplant) were transplanted into 6 hpf host *med*^*NY054*^ homozygous embryos. The PGCs in the host embryos were labelled with EGFP-F\' and their reaction to the transplant was monitored on a Zeiss AxioImager.M1 microscope equipped with a dual view filter (MAG Biosystems), Photometrics camera (Cascade II) and VS-Laser Control. Acquisition of the 28 min time-lapse video started immediately following the transplantation using a 40× objective. Z-stacks were captured with 24 planes per time point, at focal planes 4 µm apart, 15 s interval, 300 ms exposure time with binning one. Green arrowheads mark the position of filopodia, red asterisks mark the position of the golgi, blue dots indicate no migration and blue arrows indicate morphological PGC polarization and movement. Time in minutes and scale bar represents 10 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.021](10.7554/eLife.05279.021)10.7554/eLife.05279.021

To examine the relevance of these findings for cells migrating within a non-manipulated environment, we monitored the morphology and the behaviour of EGFP-F\' labelled cells in wild type embryos. Interestingly, cells migrating within an unmodified environment behaved similarly to those responding to artificial gradients. Specifically, in cases where migrating PGCs performed sharp turns, polarized filopodia formation preceded the change in migration direction ([Figure 4---figure supplement 2](#fig4s2){ref-type="fig"} and [Video 7](#video7){ref-type="other"}). Taken together, the observed PGC response to an artificial and endogenous chemokine gradient is consistent with the idea that filopodia formation constitutes an early response to distribution of Cxcl12 that is followed by cell polarization and directed migration.Video 7.PGCs extend filopodia in the direction of migration, prior to polarization and actual onset of migration.10 min time-lapse videos of PGCs in wild type embryos were captured using a 63× objective on a Zeiss AxioImager.M2 microscope equipped with a Photometrics camera (Cascade II) and VS-Laser Control. Z-stacks include 29 planes per time point at focal planes 1 µm apart, 11 s interval, 300 ms exposure time with binning one. Time in minutes and seconds. Scale bar represents 10 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.022](10.7554/eLife.05279.022)10.7554/eLife.05279.022

Filopodia interaction with Cxcl12a {#s2-5}
----------------------------------

Cells respond to graded Cxcl12a in the environment by polarized formation of filopodia ([Figure 2](#fig2){ref-type="fig"}), which could be important for the orientation of the cell and migration in the direction of the chemokine source. This observation may imply that filopodia could play a role in the transmission of the Cxcl12a signal into the leading edge of the cell by locally increasing the surface area for ligand binding. To address this notion, we overexpressed fluorescently labelled Cxcl12a in cell clones within the embryo ([Figure 5A](#fig5){ref-type="fig"}) and followed its distribution relative to the cells and particularly, to the filopodia. As shown in [Figure 5B](#fig5){ref-type="fig"} and [Video 8](#video8){ref-type="other"}, Cxcl12a-Venus foci that were initially detected on the cell surface were subsequently internalized into the cell. Strikingly, a similar interaction between Cxcl12 foci and PGCs was observed on the surface of filopodia ([Figure 5C](#fig5){ref-type="fig"} and [Video 9](#video9){ref-type="other"}). Binding of Cxcl12 was observed at the tip of a filopodium (red arrowhead in [Figure 5C](#fig5){ref-type="fig"}) that extended about 12 µm away from the cell body, as well as closer to the cell body (yellow arrowhead in [Figure 5C](#fig5){ref-type="fig"}). Retraction of the filopodium resulted in dragging of the distant Cxcl12 focus to the cell body and a bleb forming at this location engulfs the closer Cxcl12 focus ([Figure 5C](#fig5){ref-type="fig"}). The internalization of Cxcl12a-Venus (yellow arrowhead in [Figure 5D](#fig5){ref-type="fig"}) is consistent with the idea that the ligand interacts with its receptor Cxcr4b on the filopodia membrane and elicits a signal directing cell polarization relevant for cell migration in the direction dictated by the chemotactic gradient. Whereas the filopodia at the cell front are more dynamic and higher in number, consistent with the uniform distribution of Cxcr4b on the cell membrane ([Figure 1A](#fig1){ref-type="fig"}), we could detect interaction of overexpressed Venus-labelled Cxcl12 with filopodia at the back of the cell as well ([Figure 5---figure supplement 1A--A**″**](#fig5s1){ref-type="fig"}).10.7554/eLife.05279.023Figure 5.Cxcl12a internalization and interaction with filopodia.(**A**) Schematic experimental setup. Cxcr7b function was knocked down in embryos, in which PGCs express mCherry on their membrane. At 16-cell stage, these embryos were injected with *cxcl12a-venus* RNA directed into a corner cell for a mosaic expression of the chemokine. (**B**) Cxcl12a (green) is bound to the PGC membrane (magenta) and internalizes into the cell. Snapshots from [Video 8](#video8){ref-type="other"}, showing an optical section of a PGC (a Z-projection of two 1-µm-slices). An arrowhead points at an internalizing Cxcl12a spot. Scale bar is 5 µm. (**C**) Snapshots from [Video 9](#video9){ref-type="other"}, showing an optical section of a PGC (a Z-projection of 4 1-µm-slices) with Cxcl12a (green) interaction seen on the filopodium (magenta). The red arrowhead indicates a Cxcl12a spot bound to the tip of the retracting filopodium and the yellow arrowhead points at Cxcl12a, which is bound to the filopodium closer to the cell body and is then engulfed by the cell (1:30--3:30 min). Scale bar is 5 µm. (**D**) PGC from panel **C** at 3:30 min (**D′**) where the area magnified in **D″** and **D‴** is delineated in a red box. (**D″** and **D‴**) A 3D wire presentation of the magnified cell surface area (magenta) and the relevant Cxcl12 foci (green). (**D″**) A 3D image orientated as the original panel in **C** and (**D‴**) is horizontally rotated (90° clockwise) to visualize internalization of Cxcl12a. Scale bar is 2 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.023](10.7554/eLife.05279.023)10.7554/eLife.05279.024Figure 5---figure supplement 1.Cxcl12a interaction with filopodia at the front and back of the cell.(**A**--**A″**) Cxcl12a (Venus-tagged, green) interacts with filopodia of a PGC (mCherry-F, magenta). (**A′**) An optical section of a PGC (a Z-projection of 4 1-µm-slices) with Cxcl12a (green) interaction with filopodia (magenta) observed over 1:15 min. (**A** and **A″**) Magnified insets marked in **A′** as red squares. The yellow arrowheads point at Cxcl12a spots along filopodia.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.024](10.7554/eLife.05279.024)Video 8.Cxcl12a internalization.Cxcl12a (green) is bound to the PGC membrane (magenta) and internalizes into the cell. The video was captured using a 63× objective on a Zeiss AxioImager.M2 microscope equipped with a Photometrics camera (Cascade II) and VS-Laser Control at 15 s intervals for 2:15 min and shows an optical section of a PGC (a Z-projection of two 1-µm-slices). Arrows indicate a bound and an internalizing Cxcl12a spot. Scale bar is 5 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.025](10.7554/eLife.05279.025)10.7554/eLife.05279.025Video 9.Cxcl12a interaction with filopodia.Cxcl12a (green) is bound to a filopodium and internalizes into the cell. An optical section of a PGC (a Z-projection of 4 1-µm-slices) is shown with Cxcl12a (green) interaction observed on the filopodium (magenta). The video was captured with a Lightsheet Z1 microscope (Zeiss, Germany) at 15 s intervals for 3:30 min The red arrowhead indicates a Cxcl12a spot bound to the tip of the retracting filopodium and the yellow arrowhead points at Cxcl12a, which is bound to the filopodium more proximally and is then engulfed by the cell. Wire presentation visualizes Cxcl12a inside the cell. Scale bar is 5 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.026](10.7554/eLife.05279.026)10.7554/eLife.05279.026

Filopodia at the cell front are required for cell polarization in response to Cxcl12a cues {#s2-6}
------------------------------------------------------------------------------------------

To determine the functional significance of the Cxcl12a-dependent polarized generation of filopodia, we specifically interfered with their formation and examined the effect on cell polarization. For that purpose, we initially employed the insulin receptor substrate protein 53 (Irsp53), a key protein in the process of filopodia formation ([@bib1]; [@bib24]). The Irsp53 protein contains an [I]{.ul}nverse-[B]{.ul}in-[A]{.ul}mphiphysin-[R]{.ul}vs (I-BAR) domain ([@bib31]) that promotes membrane deformation and includes actin binding sites ([@bib59]). The protein also contains a partial CRIB motif for Cdc42-GTP mediated activation ([@bib18]) and an SH3 domain for interaction with additional filopodia regulators such as Mena ([@bib24]), Eps8 ([@bib53]), mDia1 ([@bib17]), WAVE2 ([@bib17]), N-WASP ([@bib36]), Lin7 ([@bib8]) and WIRE ([@bib34]) ([Figure 6A](#fig6){ref-type="fig"}). We found that the expression pattern of *irsp53* mRNA in zebrafish embryos spans the relevant early stages during which PGCs migrate. Specifically, *irsp53* RNA is maternally provided and ubiquitously present in 1-hr post fertilization (hpf) embryos, as well as at later stages (6 and 10 hpf, [Figure 6B](#fig6){ref-type="fig"}). We also found that an Irsp53-mCherry fusion protein ([Figure 6A](#fig6){ref-type="fig"}) was expressed in the cytoplasm and importantly, in filopodia ([Figure 6C](#fig6){ref-type="fig"}, upper panel and [Figure 6---figure supplement 1A](#fig6s1){ref-type="fig"}), particularly in those located at the cell front. The expression pattern of *irsp53* RNA and the subcellular localization of the Irsp53 fusion protein to filopodia are therefore consistent with the possibility that Irsp53 plays a role in filopodia formation in migrating PGCs.10.7554/eLife.05279.027Figure 6.*irsp53* RNA expression, Irsp53 protein localization and the role of the protein in filopodia formation.(**A**) Schematic structure of the Irsp53 protein domains. The position of the mCherry fluorophore fusion at the C-terminus of the protein is presented, proteins interacting with the SH3 and CRIB domains are indicated and the mutations introduced into the I-BAR domain to generate the dominant-negative (DN) Irsp53 version are marked. (**B**) Ubiquitous expression of the *irsp53* RNA in 1, 6 and 10-hpf embryos. (**C**) A single plane of PGCs expressing EGFP-F\' and an Irsp53-mCherry protein fusion showing localization of Irsp53 to filopodia (upper panel), while the dominant-negative Irsp53 protein is not found in the filopodia (lower panel). Rectangles delineate the area of magnification shown in the right panels. (**D**) Reduction of filopodia number at the cell front in PGCs in wild type embryos expressing the DN Irsp53 protein (dark bars) relative to control PGCs (light bars). 'n' indicates the number of cells analysed. (**E**) Examples of a control (left) and a *dn irsp53*-expressing (right) PGCs in wild type embryos. (**F**) Expression of *dn irsp53* in PGCs of *med*^*NY054*^ homozygous embryos shows no effect on filopodia number and distribution around the cell perimeter (dark bars) as compared with control PGCs (light bars). (**G**) Examples of a control (left) and a *dn irsp53*-expressing (right) PGCs in *med*^*NY054*^ homozygous embryos. 'n' indicates the number of cells analysed, arrows show direction of cell migration and arrowheads mark filopodia. Scale bar is 10 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.027](10.7554/eLife.05279.027)10.7554/eLife.05279.028Figure 6---figure supplement 1.Irsp53 localization within filopodia.(**A**) Irsp53 can be detected in a higher proportion of filopodia at the cell front than within filopodia at the side and back of the cell. The dominant-negative version of Irsp53-mCherry cannot be detected within front filopodia and can be observed in a small proportion of side and back filopodia. 'n' signifies the number of cells analysed.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.028](10.7554/eLife.05279.028)10.7554/eLife.05279.029Figure 6---figure supplement 2.Inhibition of Irsp53 does not affect bleb formation at the cell front.(**A**) Number of Cxcl12a-independent blebs formed by PGCs expressing a dominant-negative version of *irsp53*, as compared with the number of blebs formed by control cells in *med*^*NY054*^ homozygous embryos. 'n' signifies the number of cells analysed.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.029](10.7554/eLife.05279.029)

To assess filopodia function in migrating PGCs, we set out to disrupt their formation by expressing a dominant-negative (DN) form of the Irsp53 protein. The dominant-negative form of the protein harbours mutations in the four actin-bundling sites ([@bib32]; [@bib26]) within the I-BAR domain ([Figure 6A](#fig6){ref-type="fig"}). A DN Irsp53-mCherry protein version expressed in PGCs was present primarily in the cell body, rather than in filopodia ([Figure 6C](#fig6){ref-type="fig"}, lower panel, [Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}). Moreover, expression of the DN Irsp53 version in PGCs resulted in a significant decrease in filopodia number at the cell front ([Figure 6D,E](#fig6){ref-type="fig"}). However, inhibition of Irsp53 function had no effect on filopodia formation in *med*^*NY054*^ embryos ([Figure 6F,G](#fig6){ref-type="fig"}), in which the filopodia exhibit posterior characteristics ([Figure 3A](#fig3){ref-type="fig"}). The inhibition of Irsp53 function specifically affected filopodia formation rather than influencing cell migration in general, as this treatment had no effect on the formation of blebs at the PGC front in embryos lacking the guidance cue ([Figure 6---figure supplement 2A](#fig6s2){ref-type="fig"}). These results provide evidence that Irsp53 is required for filopodia formation in response to Cxcl12a gradient and can serve as a specific reagent for interfering with their formation.

In a second line of experiments attempting to affect filopodia formation we employed the actin filament associated protein 1L1 (AFAP1L1). AFAP1L1 was shown to play a role in tumour metastasis and to constitute a cancer prognostic marker ([@bib15]), to be localised to invadosomes and along with cortactin, to podosomes ([@bib47]). AFAP1L1 contains two PH domains that serve as a link to the membrane, a serine-threonin-rich substrate domain (SD) in between, a leucine zipper (Lzip), an actin-binding domain (ABD) at the C- terminus, as well as one SH3 and two SH2 domains ([Figure 7A](#fig7){ref-type="fig"}) ([@bib47]). While AFAP1L1 had not been previously implicated in filopodia formation, its subcellular localization in PGCs was intriguing and prompted our following investigation. Namely, when an mCherry-tagged version of Afap1L1a ([Figure 7A](#fig7){ref-type="fig"}) was expressed in PGCs, it was found to be specifically enriched at the base of most filopodia (84 ± 9.7%) at the level of the cell cortex ([Figure 7C](#fig7){ref-type="fig"}), suggesting a function for the protein in filopodia formation or maintenance. We subsequently ascertained that *afap1l1a* RNA is expressed at the time at which PGCs migrate towards their target and showed that *afap1l1a* RNA is maternally provided and is uniformly expressed during early embryonic development ([Figure 7B](#fig7){ref-type="fig"}).10.7554/eLife.05279.030Figure 7.*afap1l1a* RNA expression, Afap1L1a protein localization and the role of the protein in filopodia formation.(**A**) Schematic structure of the Afap1L1a protein domains including a serine-threonine-rich substrate domain (SD) flanked by two PH domains, a leucine zipper (Lzip), an actin-binding domain (ABD), two SH2 and one SH3 domains. mCherry fluorophore was fused to the N-terminus of Afap1L1a to determine the subcellular localization of the protein. (**B**) Ubiquitous expression of the *afap1l1a* RNA in 1, 6 and 10-hpf embryos. (**C**) A single plane of PGCs expressing EGFP-F\' and the mCherry-Afap1L1a fusion protein reveals weak expression of the protein around the cell perimeter (**C′**) and a predominant strong association with the base of filopodia (**C′**--**C‴**). In **C′**, one marks the site of a retracted filopodium, two the sites of extended filopodia and arrow indicates the direction of migration. (**D**) The number and distribution of filopodia in migrating PGCs overexpressing *afap1l1a* (dark bars) as compared with control PGCs (light bars). 'n' indicates the number of cells analysed. (**E**) Representative images of control (left) and of *afap1l1a*-overexpressing PGCs. Arrows indicate the direction of movement and arrowheads point at filopodia. Scale bars signify 10 µm except for **C″** and **C‴**, where the scale is 3 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.030](10.7554/eLife.05279.030)10.7554/eLife.05279.031Figure 7---figure supplement 1.The effect of Afap1L1a overexpression on filopodia dynamics in PGCs migrating within a wild type environment.(**A**) Persistence and (**B**) maximum length of filopodia in PGCs that express control RNA (light bars) or overexpress a*fap1l1a* (dark bars). 'n' signifies the number of filopodia analysed in six cells during 10 min.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.031](10.7554/eLife.05279.031)10.7554/eLife.05279.032Figure 7---figure supplement 2.Afap1L1a overexpression does not affect bleb formation at the cell front.(**A**) Number of Cxcl12a-independent bleb formation by PGCs overexpressing *afap1L1a*, as compared with control cells in *med*^*NY054*^ homozygous embryos. 'n' signifies the number of cells analysed.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.032](10.7554/eLife.05279.032)

To test whether Afap1L1a could serve as a tool for altering filopodia formation, we overexpressed the protein in PGCs. Remarkably, overexpression of the protein resulted in a significant increase in filopodia number as compared to control cells ([Figure 7D](#fig7){ref-type="fig"}, whole cell). Furthermore, this treatment changed the distribution of the filopodia significantly, resulting in a decrease in filopodia number at the cell front and an increase in number at the sides and back of the cells ([Figure 7D,E](#fig7){ref-type="fig"}), effectively reversing the normal distribution of filopodia in the cell. Based on their increased persistence and length ([Figure 7---figure supplement 1A,B](#fig7s1){ref-type="fig"}), the filopodia formed by cells overexpressing Afap1L1a were of the type generated at the back of PGCs. Similar to the Irsp53 effect, overexpression of Afap1L1a did not significantly alter bleb formation at the PGC front in embryos lacking the guidance cue ([Figure 7---figure supplement 2A](#fig7s2){ref-type="fig"}). Taken together, these findings suggest that Afap1L1 could serve as a specific tool for manipulating the formation of filopodia in PGCs.

Since manipulating Irsp53 and Afap1L1a function in PGCs altered filopodia distribution and number, we were in a position to probe into the functional significance of the polar formation of filopodia as potential sensors of the guidance cue. To this end, we made use of our recent findings showing that in response to a graded Cxcl12a concentration in the environment, zebrafish PGCs exhibit increased pH at the cell front (7% higher on the logarithmic pH scale, reflecting difference of 15% at the level of H^+^ concentration). This polar pH elevation could control the activity of various proteins important for cell motility ([@bib48]) and in the case of PGCs, was shown to be essential for a local increase in the activity of the small GTPase Rac1 and thus, for directing actin polymerization to the cell front ([@bib51]). The loss of the Cxcl12a gradient leads the loss of the difference in pH between the cell front and its rear ([@bib51]). We reasoned that if filopodia were indeed important for Cxcl12 sensing, they should be functionally linked to pH elevation and Rac1 activity at the front of PGCs. To test this possibility, we first performed FRET-based pH measurements in cells in which filopodia formation was manipulated as described above. Strikingly, the reduction of filopodia formation at the cell front reduced (in the case of Irsp53), or abolished (in the case of the Afap1L1a) the increased pH at the leading edge ([Figure 8A](#fig8){ref-type="fig"}). Conversely, inhibiting the relative elevation of pH at the cell front by inhibiting the translation of the Carbonic anhydrase 15b ([@bib51]) had no effect on filopodia formation ([Figure 8---figure supplement 1A,B](#fig8s1){ref-type="fig"}). To determine whether the reduction of filopodia formation at the cell front had any effect on Rac1 activity, we expressed a FRET-based Rac1 activity reporter in cells overexpressing Afap1L1a. Importantly, as compared with control cells, Rac1 activity was significantly reduced in these cells ([Figure 8B](#fig8){ref-type="fig"}). A milder effect on the difference between the front and rear pH, as induced by DN Irsp53 ([Figure 8A](#fig8){ref-type="fig"}) could affect different proteins important for cell motility ([@bib48]), but was not associated with a significant reduction in Rac1 activity as judged by the FRET level. Consistent with the idea that filopodia function upstream of the Cxcl12a signalling cascade, expression of a constitutively activated version of Rac1 (Rac1^V12^) in germ cells (that stop migrating as a result) had no effect on filopodia formation beyond the increase in their numbers observed in cells rendered immotile ([Figure 8---figure supplement 1C,D](#fig8s1){ref-type="fig"}). These results suggest that when filopodia function at the cell front is hindered, the ability of the PGCs to effectively sense the chemokine gradient is impaired, as reflected by the lack of elevated pH and by the reduced Rac1 activity at the leading edge. These results are also consistent with the idea that as a cellular structure, filopodia function in controlling intracellular pH at the cell front and are formed independent of it.10.7554/eLife.05279.033Figure 8.Filopodia are required for cellular response to polarized Cxcl12a distribution.(**A**) 6--7 hpf control PGCs exhibit polarized distribution of intracellular pH as determined by the FRET efficiency of the pH sensor pH-lameleon5 protein in the cells (left). Expression of the dominant negative form of Irsp53 or overexpression of the Afap1L1a abrogates the formation of high pH in the front. The graph represents average pH-FRET ratios between the front and the rear (as indicated by the circles). The values for each cell are averages of 20 time points. (**B**) 8--9 hpf PGCs overexpressing Afap1L1a exhibit a decrease in Rac1 activity, as determined by differences in FRET generated by a Rac1-FRET activity reporter. Arrows indicate the direction of movement. 'n' indicates the number of cells analysed.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.033](10.7554/eLife.05279.033)10.7554/eLife.05279.034Figure 8---figure supplement 1.Filopodia formation is independent of the elevated pH at the cell front and of Rac1 activity in migrating PGCs.(**A**) PGCs in embryos knocked down for *ca15b* (dark bars) show similar distribution and number of filopodia to that of control cells (light bars). (**B**) Examples of a control (left) and *ca15b* -knocked down PGCs. Arrows indicate the direction of movement. (**C**) The number of filopodia in control (light bar) and in PGCs expressing constitutive active (*ca*) *rac1* (*rac1*^*V12*^) (dark bar) is similar. Since cells expressing the activated version of Rac1 are immotile, we immobilized both control and experimental cells by DN Rock expression, so the cells can be compared with respect to filopodia formation. (**D**) Representative images of a control (left) and a *rac1*^*V12*^ expressing PGCs. Arrowheads indicate filopodia. 'n' indicates the number of cells analysed. Scale bars signify 10 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.034](10.7554/eLife.05279.034)

Together, these experiments show that the filopodia at the cell front are important for the downstream signalling by Cxcr4b and thus, for cell polarization and establishment of the cell front in response to chemokine cues.

Filopodia at the cell front are required for chemokine-guided cell migration {#s2-7}
----------------------------------------------------------------------------

To determine whether inhibition of front filopodia formation affects the directed migration of PGCs, we examined manipulated cells for their migration tracks and arrival at their target. Interestingly, PGCs expressing the DN Irsp53 protein exhibited a significant reduction in displacement (the shortest distance between the start and end points) as a result of reduced track straightness (the degree of changes in path direction) ([Figure 9A,B](#fig9){ref-type="fig"}). The inhibition of front filopodia mediated by DN Irsp53 appears therefore to impair sensing of the Cxcl12 guidance cue as reflected by the altered characteristics of the migration route. The specific role of front filopodia in the response to the chemokine gradient is further highlighted by the finding, that inhibition of Irsp53 function in *med*^*NY054*^ embryos lacking functional chemokine had no effect on the migration tracks of PGCs ([Figure 9---figure supplement 1A,B](#fig9s1){ref-type="fig"}). These results also emphasize the fact that Irsp53, which specifically affects filopodia formation at the cell front, is not essential for the migratory behaviour per se, but is rather important in the context of chemotaxis.10.7554/eLife.05279.035Figure 9.Manipulations of filopodia formation lead to PGC migration defects.(**A**) Representative migration tracks of control PGCs (upper panel) and PGCs expressing the dominant-negative (*dn*) *irsp53* version (lower panel). (**B**) Analysis of PGC migration tracks assessing displacement, straightness and migration speed, comparing control cells (light bars) with *dn Irsp53*-expressing cells (dark bars). 'n' indicates the number of migration tracks analysed. (**C**) Representative migration tracks of control PGCs (upper panel) and PGCs overexpressing (*oex*) *afap1L1a* (lower panel). (**D**) Analysis of PGC displacement, track straightness and migration speed, comparing control cells (light bars) with *afap1l1a* overexpressing cells (dark bars). 'n' indicates the number of migration tracks analysed. (**E**--**H**) Expression of the *dn irsp53* (**E**, **F**) or overexpressing *afap1l1a* (**G**, **H**) in PGCs results in an increase of ectopic cells at 24 hpf as compared with embryos whose PGCs express a control RNA. 'n' indicates the number of embryos analysed. Arrowheads point at ectopic PGCs and asterisks mark the site of the developing gonad.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.035](10.7554/eLife.05279.035)10.7554/eLife.05279.036Figure 9---figure supplement 1.Reducing the activity of Irsp53 has no effect on cell migration in the absence of Cxcl12a.(**A**) Representative migration tracks of control PGCs (upper panel) and PGCs expressing the dominant-negative Irsp53 version (lower panel) in *med*^*NY054*^ homozygous embryos. (**B**) Analysis of PGC migration tracks assessing displacement, track straightness and speed. Control cells (light bars) are compared with *dn irsp53*-expressing cells (dark bars) migrating in *med*^*NY054*^ homozygous embryos. 'n' indicates the number of migration tracks analysed.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.036](10.7554/eLife.05279.036)

Alterations in the migration track properties were observed yet to a greater extent, upon overexpression of the Afap1L1a in PGCs. Specifically, overexpression of the Afap1L1a that led to a reversal of filopodia distribution with predominance of filopodia in the back, also led to a reduction in cell displacement, track straightness and speed ([Figure 9C,D](#fig9){ref-type="fig"}).

We conclude therefore, that tight regulation of filopodia formation and distribution around the cell surface is essential for effective guided PGC migration. The defects in the dynamic characteristics of cell migration manifested in the cell tracks of manipulated PGCs resulted in an increased proportion of chemokine-guided cells that failed to reach their target at 24 hpf ([Figure 9E--H](#fig9){ref-type="fig"}).

Discussion {#s3}
==========

In this work we provide evidence that filopodia are asymmetrically formed in response to a chemokine gradient and in turn, play a critical role in polarization of cells and their response to directional cues.

We found that filopodia properties differ in the front from the back of the cell, such that front filopodia are larger in number, turn over more rapidly, are shorter and contain more F-actin. These differences in filopodia distribution and dynamics are governed by the graded distribution of the chemokine in the environment. The basis for this notion is the finding that filopodia formation in PGCs migrating within embryos lacking Cxcl12a was altered in a similar manner to that observed under conditions where the chemokine is uniformly expressed.

The precise function of the front filopodia emerges when PGCs are experimentally exposed to a focused Cxcl12a source: there, filopodia formation appears to constitute an early response of the cells to the graded distribution of the chemokine. The formation of filopodia precedes further polarization such as directed bleb formation and onset of migration towards the chemoattractant source. A similar phenomenon was observed in neuronal growth cones, which respond to a glutamate gradient by an asymmetric distribution of filopodia prior to turning, in an in vitro setting ([@bib61]). Similarly, endothelial tip cells of the early postnatal retina in mice respond to a source of VEGF by filopodia formation ([@bib16]) and RhoD-activated fibroblasts extend cytoneme-like protrusions towards an FGF source in vitro ([@bib21]). Whereas these observations were consistent with the idea that polarized filopodia formation constitutes a response to a guidance cue, the relevance for directed cell migration was not known. Our finding that the chemokine appears to bind and be transported on the filopodium, followed by internalization, is consistent with the idea that filopodia function in Cxcl12a uptake and in increasing the surface relevant for this action at the cell front. In this study, we carried out specific manipulations affecting filopodia formation and show an adverse effect on the ability of migrating single cells to respond to Cxcl12a by directional migration. The effect of specifically decreasing filopodia formation at the cell front (by inhibiting Irsp53 function) resulted in inefficient propagation of the external signal into the cell as evidenced by the strong reduction in the difference between the pH at the cell front and its back. In the same direction, overexpression of the Afap1L1 protein erased the normal front-back polarity with respect to filopodia distribution. In the absence of polar distribution of filopodia in the direction of the attractive cue, the cells could not effectively detect the graded chemokine cue, establish a stable front and thus, did not elevate the pH and Rac1 activity at the leading edge. These effects on the characteristic front-back cell polarity impaired the directional migration in response to a guidance cue, culminating in ectopic localization of the cells at the end of the migration process.

Taken together, this work presents important insights into the mechanism by which dynamic filopodia located at the front of migrating cells participate in the transmission of the guidance cue to allow directional migration ([Figure 10](#fig10){ref-type="fig"})*.* We suggest that following the activation of Cxcr4b by Cxcl12a, the scaffold protein Irsp53 is activated to promote the formation of dynamic filopodia at the cell front. These filopodia extend in the direction of higher chemokine concentration and expand the surface for Cxcl12a binding, thereby further enhancing Cxcr4b signalling at the cell front and effectively enhancing the absolute differences in ligand levels detected along the front-back axis of the cell. We suggest that the positive feedback loop presented in [Figure 10](#fig10){ref-type="fig"} allows the PGCs to interpret shallow gradients by forming a front that is more sensitive to the guidance cue. The uneven receptor activation along the back--front axis of the cell that includes the filopodia is a prerequisite for the establishment of the intracellular elevated pH at the cell front that facilitates actin polymerization at this location ([@bib51]) leading to functional polarization of the cell. Under conditions of no, or uniform activation of Cxcr4b a cell front is not established. In such cases, the positive feedback loop that normally stabilizes the front in one aspect of the migrating cell is not present, affecting cell polarity and the features of migration in the direction of the chemokine source.10.7554/eLife.05279.037Figure 10.Regulation of dynamic filopodia at the cell front and their role in cell polarization and directed cell migration.Following the activation of Cxcr4b by Cxcl12a (1), the scaffold protein Irsp53 is activated (2) and promotes the formation of dynamic filopodia at the cell front (3). The dynamic filopodia that extend in the direction of higher Cxcl12a concentration increase the surface for chemokine binding (4), thereby enhancing signalling. The enhanced signalling at the cell front results in further Irsp53 activation (5) and an elevation of pH (6). The increase in pH in turn, leads to an elevation in Rac1 activity at this aspect of the cell (7). Once established, the front inhibits other parts of the cell from assuming front characteristics including dynamic filopodia formation, elevated pH and Rac1 activation (8). Lower panels---Irsp53 inhibition or Afap1L1a overexpression result in loss of dynamic filopodia at the cell front, abrogating the local increase in pH. As a consequence, PGCs migrate less directionally. Lack of a Cxcl12a gradient leads to the formation of numerous, evenly distributed, long and persistent filopodia in cells that migrate in random directions.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.037](10.7554/eLife.05279.037)

An important question that remains to be elucidated is the mechanism by which Cxcl12/Cxcr4b signalling activates Irsp53 function, leading to formation of the Irsp53-dependent filopodia at the cell front. CDC42 was shown to be active at the leading edge of migrating cells and in neuronal growth cones ([@bib11]; [@bib35]), and IRSp53 was shown to be one of the effectors of CDC42 ([@bib18]; [@bib24]). A direct or indirect effect of Cxcl12 binding to Cxcr4 on the activation of Cdc42 and thus of Irsp53 would be an interesting option to explore.

The finding that at least two populations of filopodia formed on the surface of migrating PGCs and that these populations exhibit differences concerning their distribution and dynamic properties are reminiscent of the findings concerning cytonemes in *Drosophila* ([@bib43]). In this case, tracheal cells were shown to generate morphologically different populations of cytonemes, each responding specifically to different secreted signals.

The effect the reversed formation of filopodia had on cell migration speed in PGCs manipulated for Afap1L1 function ([Figure 9D](#fig9){ref-type="fig"}) raises the option that these protrusions contribute to cell motility in normal cells. This possibility is supported by the observations that some filopodia adhere to somatic cells, appear to be under tension and can pull particles towards the cell ([@bib23]). Upon laser-mediated cutting of a filopodium of this kind, its distal tip remained attached to a cell in the environment, while the proximal part attached to the cell rapidly retracted (see [Video 10](#video10){ref-type="other"}). It would be interesting to evaluate the significance of this finding relative to the role we demonstrated concerning chemokine signalling and cell polarization.Video 10.Some filopodia adhere to somatic cells and appear to be under tension.Laser-induced cut of a filopodium was performed using a Zeiss LSM710 confocal microscope equipped with a Zeiss W Plan-Apochromat 63× objective controlled by the ZEN software (Zeiss, Germany). Following cut, the tip of the filopodium remained in contact with the distant somatic cell, while the part of the protrusion attached to the cell rapidly retracted, signifying tension. The video spans 7 s with snapshots captured at a 200 ms time-interval (pinhole 208 µm, 128 × 128). Time indicated in seconds and scale bar represents 5 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.038](10.7554/eLife.05279.038)10.7554/eLife.05279.038

The function of filopodia in decoding the Cxcl12a gradient in the context of PGC migration must bear on cancer cell invasion, since Cxcl12 is known to play a key role in metastasis of several cancer types ([@bib55]; [@bib46]; [@bib49]). Furthermore, proteins involved in filopodia formation such as Fascin, Eps8 and Irsp53 have been shown to be associated with increased invasiveness of cancer cells ([@bib30]; [@bib14]; [@bib28]). The translation of Cxcr4b activation into filopodia formation constitutes the first morphological step in PGC polarization in response to the chemokine. It would thus be interesting to examine this important step in normal and pathological conditions where migrating cells initiate their reaction to guidance signals.

Materials and methods {#s4}
=====================

Zebrafish strains {#s4-1}
-----------------

Zebrafish (*Danio rerio*) of the AB background and transgenic fish carrying the *kop-egfp-f-nos-3′UTR* transgene ([@bib4]), *kop-mcherry-f-nos3′UTR* transgene, or the *kop-lifeact-egfp-nos3′UTR* transgene were used as wild type fish. *medusa*^*NYO45*^ ([@bib54]) mutant embryos were used for investigating filopodia formation in the absence of the guidance cue Cxcl12a and odysseus (ody) homozygous mutant fish were used for the rescue experiment with Cxcr4b.

RNA expression constructs and injections {#s4-2}
----------------------------------------

A list of constructs and in situ probes of the Zebrafish genes generated in this work, containing primers and amounts injected, is provided in [Supplementary file 1B](#SD1-data){ref-type="supplementary-material"}. Commonly PGCs were labelled with farnesylated mCherry (mCherry-F\') or EGFP (EGFP-F\'). The dominant-negative form of Irsp53 was generated according to Millard et al. ([@bib32]) Additional constructs with amounts injected are found in [Supplementary file 1C](#SD1-data){ref-type="supplementary-material"}.

To direct protein expression to the germ cells, the corresponding open reading frames (ORFs) were cloned upstream to the 3′UTR of the *nanos*1 gene, facilitating translation and stabilization of the RNA in these cells ([@bib22]). For global protein expression in the embryo, the ORFs were cloned upstream of the 3′UTR of the *Xenopus globin* gene.

Capped sense mRNA was synthesized using the mMessage Machine kit (Ambion, Foster City, CA). 2 nanoliters of RNA and/or morpholino antisense oligonucleotides were microinjected into the yolk of 1-cell stage embryos, unless stated otherwise.

Morpholino knockdown experiments {#s4-3}
--------------------------------

To inhibit protein translation in the embryo, morpholino antisense oligonucleotides (Gene Tools, Philomath, OR) were injected into the one-cell stage embryos. A list of morpholinos used in this work is provided in [Supplementary file 1D](#SD1-data){ref-type="supplementary-material"}.

In situ hybridization {#s4-4}
---------------------

Whole-mount in situ hybridization was performed as previously described ([@bib56]), using *afap1l1a* and *irsp53* digoxigenin-labeled probes.

The sequence of the primers used for PCR amplification of these probes from zebrafish cDNA is provided in the [Supplementary file 1B](#SD1-data){ref-type="supplementary-material"}.

Transplantation experiments {#s4-5}
---------------------------

For the design of the experiment and amount of the injected material see [Supplementary file 1A--C](#SD1-data){ref-type="supplementary-material"}. Cells from a 4 hpf donor embryo were transplanted into a 5--6 hpf host on a Zeiss AxioImager.M2 microscope with a 5× objective, immediately followed by the acquisition of a time-lapse video using a 40× objective or followed by acquisition of snapshots using a 63× objective.

Image acquisition {#s4-6}
-----------------

Time-lapse imaging was performed using a Zeiss AxioImager.M2 microscope equipped with a dual view filter (MAG Biosystems, Exton, PA), Photometrics cameras (Cascade II and CoolSNAP ES2) and VS-Laser Control.

Time-lapse videos were generated using 63×- or 40× water-immersion objectives for imaging cell morphology and behaviour, and a 10× objective for the purpose of speed and migration track analysis. Detailed experimental setups are listed in [Supplementary file 1A](#SD1-data){ref-type="supplementary-material"}. Experiments were performed between 6--9 hpf.

Frames were captured simultaneously with 488 nm and 561 nm lasers at 10-or 12 s intervals for high magnification videos (63×) and at 15-s intervals for 40× videos, with 300 ms exposure time. 24 to 37 images at focal planes 1 µm (for 63× videos) or 4 µm (for 40× videos) apart were captured to generate the Z-stacks. For migration track and speed analysis time-lapse videos were captured with a 10× objective at 2-min intervals over 68 min with 300 ms exposure time at three focal planes (15 µm apart) to generate the Z-stacks.

Data analysis {#s4-7}
-------------

For filopodia quantification the first time-point of a 2-min video was analysed and filopodia dynamics was followed over a time-period of 10 min. For filopodia measurements the manual mode of the 'filament tracer' module of the Imaris software (Bitplane, Switzerland) was used. PGC response to transplants was captured for 30 min starting ca. 2 min after transplantation. To calculate the percentage of ectopic germ cells, PGCs were counted at 24 hpf in the GFP-channel. The average number of ectopic PGCs was counted in percentage to the average total PGC number for the given experiment.

For gastrulation correction, speed measurements and tracking of migrating germ cells the 'spots' module of the Imaris software (Bitplane, Switzerland) was used. Analysis of Cxcr4b distribution and protein age on the PGC membrane was done using ImageJ software (for the analysis protocol see [Supplementary file 1F](#SD1-data){ref-type="supplementary-material"}).

FRET analysis {#s4-8}
-------------

Imaging and analysis for the Rac1-FRET (as snapshots) was performed as for the pH-FRET (as time-lapse). To measure the pH distribution in PGCs, *pH-lameleon5* ([@bib10]) mRNA fused to the 3′UTR of *nanos1* was injected into 1-cell stage of *kop-mCherry-f-nanos3*′*UTR* transgenic embryos. Imaging was performed at 7--9 hpf using an LSM710 confocal microscope (40×, NA 0.75, pinhole 276 µm, 512 × 512, 7.5 s per frame) controlled by the ZEN software (Zeiss, Germany). Analysis was done using ImageJ software (for the analysis protocol see Supporting material).

Cxcl12a visualization {#s4-9}
---------------------

Embryos that express mCherry on the membrane of PGCs were knocked down for Cxcr7b using a morpholino antisense oligonucleotide by injection at 1-cell stage and were then injected with *cxcl12a-venus* RNA into a corner cell of the 16-cell stage for a mosaic expression pattern of the chemokine. Time-lapse imaging was performed at 10--15 hpf using either a Zeiss AxioImager.M2 microscope (63× water imersion objective), equipped with a dual view filter (MAG Biosystems, Exton, PA), Photometrics cameras (Cascade II and CoolSNAP ES2) and VS-Laser Control ([Video 8](#video8){ref-type="other"}) or a Lightsheet Z1 (Zeiss, Germany) equipped with a Zeiss W Plan-Apochromat 20× objective (15 s intervals for 20 cycles at 960 × 960) and controlled by the ZEN software (Zeiss, Germany) ([Video 9](#video9){ref-type="other"}).

Laser ablation experiments {#s4-10}
--------------------------

Laser ablation was performed with a Zeiss LSM710 confocal microscope equipped with a Zeiss W Plan-Apochromat 63× objective controlled by the ZEN software (Zeiss, Germany). The 'bleaching' module of the Zen software was used to perform ablation within a sub-region (ROI). The laser source for ablation was a femtosecond Titanium-Sapphire laser (Coherent Chameleon, Santa Clara, CA) tuned to lambda = 740 nm with laser power reduced to 10%. The power at the objective back aperture during ablation was 90--100 mW. Ablation was monitored with confocal imaging of PGC membrane (laser 488 nm) and somatic membrane (laser 561 nm) in *med*^*NY054*^ homozygous embryos over 45 s with 199 ms time-interval (pinhole 208 µm, 128 × 128).

Statistical analysis {#s4-11}
--------------------

All the data in the work were first tested for normal distribution by the Kolmogorov--Smirnov test. Experiments on the percentage of ectopic germ cells and FRET measurements were analysed by the Student\'s t-test. Experiments on the signal intensity between front and back of a cell were analysed using the paired t-test. All other significance tests are based on the Mann Whitney U test for the statistical difference. Error bars represent S.E.M. n.s. = non significant, \*p ≤ 0.05, \*\*p ≤ 0.01, \*\*\*p ≤ 0.001.
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Thank you for sending your work entitled "Dynamic filopodia are required for chemokine-dependent intracellular polarization during guided cell migration in vivo" for consideration at *eLife*. Your article has been favorably evaluated by K VijayRaghavan (Senior editor), Marianne Bronner (Reviewing editor), and 3 reviewers.

The Reviewing editor and the reviewers discussed their comments before we reached this decision, and the Reviewing editor has assembled the following comments to help you prepare a revised submission.

Meyen et al. examine migration of PGCs in zebrafish to unravel the question of how migration induced by Cxcl signaling is controlled by filopodia. The main conclusion of the manuscript is that filopodia distribution and their dynamics are dictated by a gradient of the chemokine Cxcl12a. Anterior filopodia, in turn are required for receiving the cxcl12a signal that then polarizes the cell. They also conclude that there are two kinds of filopodia: some that are chemokine dependent and others that are not. This manuscript focuses on an interesting topic and up to [Figure 4](#fig4){ref-type="fig"}, the experiments are clear and the interpretation of the results is sounds. The work is potentially appropriate for *eLife* after the following issues have been addressed:

1\) The authors find a correlation between how dynamic a filopodia is and the presence of the chemokine CXCL12. The authors suggest that CXCL12 influence filopodia dynamic; however CXCL12 controls directional migration as well; therefore it is possible that directional migration could affect filopodia dynamics. In other words if a cell is moving in a particular directions the filopodia formed in that direction (front) will be short lived because they will be engulfed by the cell or cell protrusions (blebs in this case, example in [Movie 8](#video8){ref-type="other"}). Are the front filopodia more dynamic because they disappear as they are engulfed by blebs during migration? Or do they maintain the length at the front in spite the cells is moving in the direction of the filopodia? This issue can be easily addressed analyzing filopodia dynamics in non-motile cells exposed to CXCL12.

2\) The authors claim: "These findings are consistent with the idea that filopodia formation constitutes an early response to distribution of Cxcl12 that is followed by cell polarization and directed migration". To support this claim the authors need to analyze the sequence of events in wild type PGC: are the filopodia really appearing earlier than polarization and directed migration? (This is not obvious in [Movie 6](#video6){ref-type="other"}).

3\) The authors show no correlation between the presence of filopodia and the formation of blebs in control cells ([Figure 2--figure supplement 3](#fig2s3){ref-type="fig"}). A similar analysis should be performed for the cells in which filopodia has been affected (DN Irsp53 and Afap1L1a-overexpressing cells). This analysis is important to support their conclusion that filopodia affect CXCL12 sensing, as they need to rule out the alternative explanation that filopodia interfering is affecting directional migration by disturbing bleb formation.

4\) Increased Cxcl12a leads to increased pH at the cell front. Expression of DN-Irsp53 or AFAP1L1 blocked the increased pH. Why did the AFAP1L1 not lead to increased pH at the back? Given their model, shouldn\'t this predict increased filopodia at the back?

5\) The authors suggest filopodia function in controlling intracellular pH at the front, and are formed independent of pH. Based on their model, increased filopodia leading to increasing sensitivity to Cxcl12a, would predict that increased filopodia in AFAP1L overexpression might make cells more sensitive to a Cxcl12 gradient. Can this be quantitated?

6\) One of the main conclusions of the paper is the existence of different types of filopodia. This should not only be discussed in the Discussion section but already in the Abstract or Introduction and Results sections.

[Figure 5](#fig5){ref-type="fig"}: Is Irsp53 expressed in all filopodia? Expression of DN Irsp53 only affects front and side filopodia (5D). Surprisingly, the overexpression of DN Irsp53 in *medea* mutant embryos has no effect on filopodia arguing that *medea* only has filopodia of the posterior/chemokine-independent type. This should be mentioned in the Results section and also further tested (see below).

Do the authors believe that the filopodia that form in *medea* after cxcl12a overexpression now possess an anterior character? The subsection headed "Filopodia formation and dynamics are regulated by the chemokine Cxcl12" seems to suggest that they still look like the typical posterior type *medea* filopodia. However, if the authors\' claim is correct that anterior filopodia form because of exposure to Cxl12a and subsequent activation of lrsp53, filopodia in medea embryos that overexpress Cxl12a should now all look like anterior filopodia. This should be tested. Likewise, the overexpressing dnLrsp53 should be able to deplete filopodia in Cxcl12a mRNA injected *medea* mutant embryos. Also, how does manipulation of Afap1L1 affect filopodia in *medea* mutant embryos?

7\) The authors describe that 50% of posterior filopodia do not contain actin (in the subsection headed "Migrating PGCs extend specialized filopodia in the direction of migration"). They do not describe how they interpret this finding. Does this argue for the presence of two different types of filopodia? But then there are still 50% of filopodia with a front phenotype expressed in the back. What does that imply? Are the actin-less filopodia responsive to Cxcl12a? Do filopodia in *medea* mutants all possess actin? Does the absence or presence of actin have anything to do with chemokine signaling?

8\) The authors propose that filopodia increase the Cxcl12a signal by increasing the surface area for ligand binding at the front. This is an interesting idea, but difficult to prove. Is Cxcl12 binding preferentially to the filopodia at the front and not to those formed at the back? This could be easily analysed by repeating the analysis performed in [Figure 4](#fig4){ref-type="fig"}, but now in filopodia formed at the back, or in those conditions where the type of filopodia (back or front) has been altered.

10.7554/eLife.05279.041

Author response

*1) The authors find a correlation between how dynamic a filopodia is and the presence of the chemokine CXCL12. The authors suggest that CXCL12 influence filopodia dynamic; however CXCL12 controls directional migration as well; therefore it is possible that directional migration could affect filopodia dynamics. In other words if a cell is moving in a particular directions the filopodia formed in that direction (front) will be short lived because they will be engulfed by the cell or cell protrusions (blebs in this case, example in* [*Movie 8*](#video8){ref-type="other"}*). Are the front filopodia more dynamic because they disappear as they are engulfed by blebs during migration? Or do they maintain the length at the front in spite the cells is moving in the direction of the filopodia? This issue can be easily addressed analyzing filopodia dynamics in non-motile cells exposed to CXCL12*.

We thank the referees for raising this point, which we addressed by examining the fate of filopodia in non-manipulated cells. We wished to avoid possible side effects caused by rendering the cells immotile since for example, inhibiting motility of germ cells may interfere with cellular responses that in turn may impinge on filopodia dynamics. To this end, we examined the persistence of individual filopodia in 10-minute time-lapse movies, while monitoring for engulfment of filopodia by advancing blebs. First, only a third of the filopodia that extended at the cell front, are engulfed by inflating blebs. Still, the persistence of the remaining front filopodia in cells guided by physiological Cxcl12 gradients is lower than that of filopodia at the back of the cell. Those results are now presented in [Figure 3--figure supplement 1](#fig3s1){ref-type="fig"} and are described in the text. Thus, whereas blebs can indeed engulf filopodia thereby affecting their persistence, the rest of the filopodia at the cell front exhibit shorter life span relative to those at the cell rear.

*2) The authors claim:* "*These findings are consistent with the idea that filopodia formation constitutes an early response to distribution of Cxcl12 that is followed by cell polarization and directed migration*"*. To support this claim the authors need to analyze the sequence of events in wild type PGC: are the filopodia really appearing earlier than polarization and directed migration? (This is not obvious in* [*Movie 6*](#video6){ref-type="other"}*)*.

We indeed consider the sequence of events gradient-\>filopodia-\>change in cell polarization a central claim in the paper. To make this point crystal clear, we made use of the golgi as a directional marker since in migrating germ cells, the golgi resides behind the nucleus and thus marks the back of the cell. We now present the region of the golgi by using farnesylated --EGFP (red asterisk in [Figure 4--figure supplement 1A](#fig4s1){ref-type="fig"}) in the movie (red asterisk in current [Video 6](#video6){ref-type="other"}, Cxcl12a transplant) and in the presented snapshots based on individual confocal planes ([Figure 4B](#fig4){ref-type="fig"}). This sequence of events is observed in the vast majority of cells responding to a "simple" artificial gradient introduced into the embryonic environment lacking Cxcl12 (15 times of 17 cases examined) and this point is mentioned in the text.

Cells in non-manipulated embryos experience a more complex set of instructions, as the endogenous gradients are shallow and not as focused. Nevertheless, as requested we now present the sequence of events as recorded in cells performing sharp turns in the context of a non-manipulated embryo ([Video 7](#video7){ref-type="other"} and snapshots presented in [Figure 4--figure supplement 2](#fig4s2){ref-type="fig"}). Those new results are now described in the text.

*3) The authors show no correlation between the presence of filopodia and the formation of blebs in control cells (*[*Figure 2--figure supplement 3*](#fig2s3){ref-type="fig"}*). A similar analysis should be performed for the cells in which filopodia has been affected (DN Irsp53 and Afap1L1a-overexpressing cells). This analysis is important to support their conclusion that filopodia affect CXCL12 sensing, as they need to rule out the alternative explanation that filopodia interfering is affecting directional migration by disturbing bleb formation*.

In the data we provide in [Figure 2--figure supplement 3](#fig2s3){ref-type="fig"}, we show that the formation of the blebs and filopodia is not coupled when employing tighter temporal and spatial criteria, suggesting that filopodia are not required at the actual time and place of bleb formation. To address the referee comment, we further show now that the manipulations aimed at specifically altering the distribution of the filopodia do not affect other relevant cellular features such as bleb formation. We monitored this parameter in DN Irsp53 and Afap1L1a-overexpressing cells. Our findings now are presented in [Figure 6--figure supplement 2](#fig6s2){ref-type="fig"} (DN Irsp53) and [Figure 7--figure supplement 2](#fig7s2){ref-type="fig"} (Afap1L1a overexpression) and show no significant effect on the frequency of bleb formation in the cells in which filopodia formation is impaired.

*4) Increased Cxcl12a leads to increased pH at the cell front. Expression of DN-Irsp53 or AFAP1L1 blocked the increased pH*. *Why did the AFAP1L1 not lead to increased pH at the back? Given their model, shouldn\'t this predict increased filopodia at the back?*

We would like to explain why our model does not predict elevation of pH or increased dynamic filopodia formation at the back of germ cell upon increase of filopodia at the site. Wild type PGCs that sense a gradient of Cxcl12a respond by elevation of the pH at the cell front, which leads to an increase in Rac1 activity at this location. Manipulating the distribution of the filopodia, such that their number at the cell front is reduced, adversely affects the efficiency with which the PGCs can perceive the chemokine signal and interpret it as a graded one. As a consequence, the establishment of higher pH at the cell front is hindered. Afap1L1 overexpression leads to a relative increase in filopodia number at the back of cells. Those cells encounter higher levels of the chemokine at their front, but are defective in perceiving the signal. The back aspect of the cell, while possessing more filopodia encounters less of the chemokine. We thus interpret the results such that Afap1L1 overexpressing cells with "less efficient front-more efficient back" simply fails to form the Cxcl12a-dependent intracellular polarization in the distribution of the pH. The increase in filopodia in the back did not win over the front but rather cancelled out the cell polarity that is normally induced by the chemotactic signal in the front.

5\) The authors suggest filopodia function in controlling intracellular pH at the front, and are formed independent of pH. Based on their model, increased filopodia leading to increasing sensitivity to Cxcl12a, would predict that increased filopodia in AFAP1L overexpression might make cells more sensitive to a Cxcl12 gradient. Can this be quantitated?

As described in our response to the previous point, cells overexpressing AfapL1a do not simply possess more filopodia, but actually loose the normal polarity where more dynamic filopodia form at the cell front. The loss of the normal arrangement/specific features of the filopodia interferes with the ability of the cell to interpret the Cxcl12a gradient, which is the basis for the miss-migration phenotype we observe under these conditions.

*6) One of the main conclusions of the paper is the existence of different types of filopodia. This should not only be discussed in the Discussion section but already in the Abstract or Introduction and Results sections*.

In the current version of the paper this point i.e., the fact that actin-rich filopodia that show higher dynamics and higher actin content are formed at the front of cells migrating within a Cxcl12a gradient, is now mentioned at the end of the Introduction.

[*Figure 5*](#fig5){ref-type="fig"}*: Is Irsp53 expressed in all filopodia? Expression of DN Irsp53 only affects front and side filopodia (5D). Surprisingly, the overexpression of DN Irsp53 in* medea *mutant embryos has no effect on filopodia arguing that* medea *only has filopodia of the posterior/chemokine-independent type. This should be mentioned in the Results section and also further tested (see below)*.

Based on the detection of an Irsp53-mCherry fusion protein, about 40% of the filopodia at the cell front contain Irsp53, while a lower proportion of filopodia in other regions of the cell contain the protein. We present these new quantitative data in [Figure 6--figure supplement 1](#fig6s1){ref-type="fig"}. In contrast, the dominant-negative version of the protein is found primarily in the cell body rather than in the filopodia ([Figure 6--figure supplement 1](#fig6s1){ref-type="fig"}). This issue is now mentioned in the Results section.

Indeed, the filopodia formed in the Cxcl12 mutant *medusa* are chemokine independent (by definition) and appear "back-like" and show "back-like" characteristics including dynamics and length properties, similar to those of back filopodia in wild type cells. Consistently, expressing the dominant-negative Irsp53 in PGCs of *medusa* embryos does not affect the filopodia, since Irsp53 is expressed primarily within and is required for front filopodia formation. As requested, we now mention this point in the Results section.

*Do the authors believe that the filopodia that form in* medea *after cxcl12a overexpression now possess an anterior character? The subsection headed "Filopodia formation and dynamics are regulated by the chemokine Cxcl12" seems to suggest that they still look like the typical posterior type* medea *filopodia. However, if the authors\' claim is correct that anterior filopodia form because of exposure to Cxl12a and subsequent activation of lrsp53, filopodia in medea embryos that overexpress Cxl12a should now all look like anterior filopodia. This should be tested. Likewise, the overexpressing dnLrsp53 should be able to deplete filopodia in Cxcl12a mRNA injected* medea *mutant embryos. Also, how does manipulation of Afap1L1 affect filopodia in* medea *mutant embryos?*

We find polarization in the filopodia types formed by cells only when the cells are presented with graded Cxcl12a in the environment. Simply exposing cells to uniform Cxcl12a, or having no Cxcl12a in the environment leads to the formation of filopodia that are less dynamic, despite the fact that cells do migrated albeit non-directionally under these conditions. This conclusion is based on our experiments, where we follow filopodia formation in *medusa* embryos, as well as in embryos in which Cxcl12a was introduced globally by RNA injection into early embryos ([Figure 3C, D](#fig3){ref-type="fig"}). In this experimental set up the forming filopodia exhibited uniform "back" properties regardless of the region of the cells where they arose. Since in the absence of a Cxcl12a gradient anterior-type filopodia do not form, DN Irsp53 is not expected to affect them under these conditions. Indeed, expression of DN Irsp53 in germ cells in *medusa* embryos overexpressing Cxcl12a did not result in reduction of filopodia number, the effect that is normally observed in wild type cells. See [Author response image 1](#fig11){ref-type="fig"}.10.7554/eLife.05279.042Author response image 1.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.042](10.7554/eLife.05279.042)

*Also, how does manipulation of Afap1L1 affect filopodia in* medea *mutant embryos?*

The filopodia in PGCs in *medusa* embryos exhibit dynamic and structural properties characteristic of "back filopodia". In wild type embryos, Afap1L1 overexpression results in a reduction in the front filopodia and in an increase in the number of "back-type" filopodia.

From experiments conducted in response to this question (see [Author response image 2](#fig12){ref-type="fig"}), overexpression of Afap1L1 had no effect on filopodia properties beyond those already conferred by the absence of the chemokine Cxcl12a (=the conditions in *medusa* embryos).10.7554/eLife.05279.043Author response image 2.**DOI:** [http://dx.doi.org/10.7554/eLife.05279.043](10.7554/eLife.05279.043)

*7) The authors describe that 50% of posterior filopodia do not contain actin (in the subsection headed "Migrating PGCs extend specialized filopodia in the direction of migration"). They do not describe how they interpret this finding. Does this argue for the presence of two different types of filopodia? But then there are still 50% of filopodia with a front phenotype expressed in the back. What does that imply? Are the actin-less filopodia responsive to Cxcl12a? Do filopodia in* medea *mutants all possess actin? Does the absence or presence of actin have anything to do with chemokine signaling?*

In a significant fraction of the posterior filopodia we failed to detect lifeact signal. We believe that some back filopodia contain lower concentration of actin rather than completely devoid of it. We have reviewed all sites in the text where we mention these structures and made sure the point is understood in this way. We interpret the results to indicate that front filopodia contain a higher concentration of actin, such that it is always detected but have no information concerning an actual functional significance of the difference. We consider however low-actin filopodia a characteristic of back filopodia. As expected from the more posterior nature of filopodia formed in *medusa* mutants, the fraction of filopodia in which no lifeact could be detected is indeed elevated (now presented in [Figure 2--figure supplement 1B](#fig2s1){ref-type="fig"}).

*8) The authors propose that filopodia increase the Cxcl12a signal by increasing the surface area for ligand binding at the front. This is an interesting idea, but difficult to prove. Is Cxcl12 binding preferentially to the filopodia at the front and not to those formed at the back? This could be easily analysed by repeating the analysis performed in* [*Figure 4*](#fig4){ref-type="fig"}*, but now in filopodia formed at the back, or in those conditions where the type of filopodia (back or front) has been altered*.

We indeed believe that the increased number of filopodia at the cell front plays a role in polarizing the cell in response to the ligand, by increasing the chance Cxcl12a interacts with the cell at the front. In the experiments aimed at demonstrating the function of filopodia we detect small aggregates of Venus-labeled ligand interacting with filopodia and getting internalized ([Figure 5](#fig5){ref-type="fig"}). We do not believe the back filopodia cannot function in Cxcl12a-binding, since the receptor Cxcr4b is uniformly expressed around the cell circumference. Indeed, in data we provide in the revised version of the work ([Figure 5--figure supplement 1A\'-A\'\'](#fig5s1){ref-type="fig"}) ligand binding to back filopodia can be observed as well. This finding is now mentioned in the Results section.

[^1]: These authors contributed equally to this work.
